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. List of subject plutonium mixtures with their respective compositions 4 The US Department of Energy defines the hazard categories of its nuclear facilities based upon the potential for accidents to have significant effects on specific populations and the environment. In this report, the authors consider the time dependence of hazard category 2 (significant on-site effects) for facilities with inventories of plutonium isotopes and specific weapons-grade and heat-source mixtures of plutonium isotopes. The authors also define relative hazard as the reciprocal of the hazard category 2 threshold value and determine its time dependence. The time dependence of both hazard category 2 thresholds and relative hazards are determined and plotted for 10,000 years to provide useful information for planning long-term storage or disposal facilities.
__________________________ BACKGROUND
A 1992 US Department of Energy (DOE) standard 1 defines hazard categorization for nuclear facilities. According to this standard, a DOE nuclear facility is designated as either a hazard category 1, 2, or 3 facility depending on the facility's potential for significant accidental consequences to workers, the public, or the environment. By categorizing a facility, DOE determines the level of sophistication required in the safety analysis report and in the level of review and approval by DOE.
The three hazard categories are as follows:
• Hazard category 1 facilities are those with "potential for significant off-site consequences." 1, 3 • Hazard category 2 facilities are those with "potential for significant on-site consequences." 1, 3 • Hazard category 3 facilities are those with "potential for only significant localized consequences 1, 3 DOE contractors compare the facility inventory to a threshold These values represent levels of materials which, if released, would produce 0.10-Sv (10-rem) dose, 30 meters away, based on a 24-hour exposure.
In previous work 2 , the authors duplicated DOE methodology, found some errors in the DOE standard, determined hazard category 2 threshold values for additional isotopes, and published results in a LANL fact sheet.
For the purposes of this paper, we have defined the concept of relative hazard as the reciprocal of the hazard category 2 threshold value for that isotope or mixture.
METHOD
Plutonium Isotopes
The plutonium isotopes of interest are 238 (grams) as a function of time for a mass of material that was a pure plutonium isotope at time = 0, using the sum of fractions method described in Appendix B. This is a DOE-specified technique to account for the dose contribution of each member of a mixture of radionuclides.
By taking the reciprocal of this value, we determined the relative hazard of that material as a function of time (Figures 1, 2) . All abscissa are time in years. Because spontaneous fission occurs a very small fraction of the time for 238 Pu, 240 Pu, 242 Pu, and 244 Pu, we considered neither the in-growth of fission fragments nor criticality in this analysis. 
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The DOE standard suggests that a facility processing weapons-grade plutonium should be classified based on the amount of dominant isotope, without specifying the amount of other trace isotopes involved. We thought it would be interesting to compare the category 2 thresholds using this "dominant isotope method" as contrasted with the calculated "sum-of-fractions method" described in Appendix B. Table 2 displays the results of this comparison. Knowing the in-growth of daughter isotopes starting with pure plutonium isotopes and their respective category 2 thresholds, we applied these to the above mixtures to determine their category 2 thresholds and relative hazards as functions of time. (Figures 4-9 ). (Figures 1-3) • The relative hazard of 238 Pu decreases exponentially for approximately 2000 years. This exponential decrease is followed by a turnaround resulting from the in-growth of 234 U, 230 Th, 218 Po, 214 Po, and 210 Po. Three of these species, 218 Po, 214 Po, and 210 Po comprise ~32% of the increased hazard at 10,000 years and follow 222 Rn in the decay series. Their presence depends on whether radon stays with the material or outgasses. The results presented here assume the radon remains with the original material.
RESULTS
Plutonium Isotopes
• The relative hazard of 239 Pu is constant over 10,000 years. With a half-life of 24000 years and a first daughter , 235 U, with a half-life of 7.04E+08 years, changes in the first 10,000
years are minimal.
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• The relative hazard of 240 Pu decreases noticeably during the last several-thousand years of the 10,000-year study period due exclusively to its 6540-year half-life. Early daughters have such long half-lives (10 7 and 10 10 years) that they and later daughters do not contribute.
• The relative hazard of 241 Pu is a bit more interesting. It peaks at about 60 years with an increased hazard of about 60% due to the in-growth of 241 Am. It then decreases with the decay of the 241 Am to a minimum at about 8000 years, when it begins to increase again mostly due to the in-growth of 237 Np.
• The relative hazard of 242 Pu is constant over 10,000 years. With a half-life of 376,000 years, changes in the first 10,000 years are minimal.
• The relative hazard of 244 Pu is constant for the first few-thousand years but then begins to increase (69% in the last few-thousand years), due to the in-growth of 240 Pu. 240 U and 240 Np are in secular equilibrium (equal activities) with 244 Pu very shortly after the creation of the 244 Pu; however, their presence does not contribute significantly to the relative hazard because they are beta/gamma emitters and as such have very high category 2 thresholds. 
Specific Plutonium Mixtures
CONCLUSIONS
To determine a preliminary hazard category for a nuclear facility with a lifetime on the order of 100 years or less, one should pay particular attention to inventories rich in 241 Pu and the MT42 series of specific mixtures.
• The relative hazard of 241 Pu increases 60% during the first 60 years of its life.
• The relative hazard of the MT42 series is dominated by isotopes other than 242 Pu rendering it 26-66 times more hazardous than 242 Pu alone.
To evaluate the hazard of a long-term (10,000-year) storage facility, one should consult the time dependence of the relative hazard of plutonium isotopes and specific mixtures presented in this report, since time dependence is not readily apparent from a consideration of the initially dominant isotope alone. 
